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ABSTRACT 

The  purpose  of  this  work  is  to  study  the  relationships  between  surface  finish,  fatigue  life  and  the  ball  burnishing 
process  parameters.  Non-ferrous  surface  are  difficult-to-finish  due  to  many  problems  encountered  in  grinding  which  is 
optimum  for  ferrous  metals.  Taguchi  technique  is  employed  to  identify  the  effect  of  four  burnishing  parameters;  namely, 
burnishing  speed,  burnishing  feed,  depth  of  penetration  and  number  of  passes  on  the  surface  finish  and  fatigue  life 
of  6061 -aluminum  alloy.  Experimental  work  was  carried  out  on  a  CNC  lathe.  The  surface  roughness  is  determined. 
The  number  of  cycles  to  failure  is  determined  using  a  cantilever  type  fatigue  machine,  which  is  suitable  for  testing 
specimen  requiring  oscillatory  or  reciprocating  motion.  It  was  found  that  the  optimal  burnishing  parameters  for  the  best 
surface  finish  was  obtained  at  burnishing  speed  of  25m/min,  burnishing  feed  of  60  |im/rev,  depth  of  penetration 
of  6um/rev  and  number  of  passes  of  1.  The  optimum  performance  for  fatigue  life  was  obtained  at  125m/min  burnishing 
speed,  100|im/rev  burnishing  feed,  9um  depth  of  penetration  and  3passes. 
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INTRODUCTION 

Surface  quality  is  an  important  factor  by  which  the  technological  quality  of  machined  component  can  be 
evaluated  [1].  Engineering  components  are  usually  subjected  to  high  levels  of  stresses,  temperature  and  speeds.  The  most 
suitable  specification  for  a  surface,  hence,  is  dependent  on  its  intended  application.  For  this  reason,  surface  geometry  and 
function  should  be  isolated,  especially  in  investigating  of  a  tribological  nature. 

Perfectly  flat  surface  can  never  be  generated.  Surfaces  have  always  irregularities  in  the  form  of  peaks  and  valleys. 
Processes  by  which  surfaces  are  finished  differ  in  its  capabilities  concerning  finishing  action,  mechanical  and  thermal 
damage,  residual  stresses  and  materials  [1].  These  processes  are  divided  according  to  running  in  mechanisms  into  two 
types:  one  involves  material  loss  such  as  grinding  and  the  other  depends  on  plastic  squeezing  of  the  surface  where  by  a 
redistribution  on  material  is  performed  with  no  material  loss  [2].  The  latter  is  seen  in  finishing  process  such  as  burnishing 
which  can  be  achieved  by  applying  a  highly  polished  and  hard  ball  onto  metallic  surface  under  pressure  as  shown  in 
Figure  1 .  This  will  cause  the  peaks  of  the  metallic  surface  to  spread  out  permanently,  Figure  2,  when  the  applied  burnishing 
pressure  exceeds  the  yield  strength  of  the  metallic  material  to  fill  the  valleys  and  some  form  of  smoothing  takes  place. 
Besides  producing  a  good  surface  quality,  the  burnishing  process  has  additional  advantages  over  machining  processes,  such 
as  securing  increased  hardness,  corrosion  resistance  and  fatigue  life  as  a  result  of  the  produced  compressive  residual  stress 
on  the  surfaces  [3].  The  characteristics  of  burnishing  surface  depend  upon  controlling  burnishing  parameters  such  as 
applied  burnishing  force  (burnishing  depth),  burnishing  speed,  burnishing  feed  rate,  and  number  of  passes,  geometry  and 
material  of  burnishing  tool,  as  well  as  the  material  of  burnishing  surface. 
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Figure  1:  Schematic  of  Ball  Burnishing 


Figure  2:  Material  Flow  from  Peaks  to  the  Valleys  in  the  Burnishing  Process 

A  literature  survey  shows  that  work  on  the  burnishing  process  has  been  conducted  by  many  researchers  and  the 
process  improves  the  properties  of  the  machined  parts.  El-Axir  and  Ibrahim  [4]  have  introduced  a  new  burnishing  tool. 
They  used  the  center  rest  of  a  lathe  as  ball  burnishing  tool.  The  result  of  their  investigation  showed  that  the  surface 
characteristics  were  improved  with  this  burnishing  tool.  The  surface  roughness  was  also  improved  and  surface  hardness 
was  increased  using  burnishing  tools  [5-11].  At  the  same  time,  the  use  of  milling  roller  burnishing  increased  surface 
hardness  of  the  machined  components  [12].  The  process  also  increased  maximum  residual  stress  in  compression  [13]. 
Burnishing  has  also  decreased  the  roundness  error  of  the  specimens  [14].  A  fuzzy  model  was  used  to  achieve  the  optimum 
burnishing  parameters  for  non-ferrous  components  [15].  Loh  et  al.  [16]  reported  that,  ball  burnishing  parameters  have  an 
influence  on  surface  hardness  of  the  burnished  component.  These  parameters  also  influenced  burnished  surface  wear 
resistance  [17].  Burnishing  process  has  an  influence  on  microstructure  of  the  burnished  components  as  well  [18]. 
The  parameters  affecting  the  surface  finish  are:  burnishing  force,  feed,  ball  or  roller  material,  number  of  passes,  workpiece 
material,  and  lubrication  [5].  The  effect  of  the  process  on  specimens  of  different  materials  was  studied  by  many  authors. 
Lee  et  al.  [19]  reported  that,  the  surface  of  316  stainless  steel  was  improved  by  ball  burnishing  process. 

The  review  of  previous  work  shows  that  there  have  been  very  few  studies  concerning  the  effect  of  burnishing 
parameters  on  the  fatigue  life  [20-23].  They  reported  that  burnishing  process  has  several  attractive  advantages  such  as 
higher  compressive  stress,  stronger  work-hardened  layer  and  relatively  smoother  surface.  Therefore,  process  may  be  more 
effective  in  improving  the  fatigue  properties  than  shot  peening. 
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The  techniques  of  Taguchi  consist  of  a  plan  of  experiments  with  the  objective  of  acquiring  data  in  a  controlled 
way,  executing  these  experiments  analyzing  data  in  order  to  obtain  information  about  the  behavior  of  a  given  process. 
These  techniques  use  orthogonal  arrays  to  define  the  experimental  plans.  It  provides  an  efficient  method  to  reduce  the 
number  of  experiments  and  to  obtain  optimal  process  parameters.  Many  successful  applications  of  Taguchi  methods  have 
been  reported  to  improve  several  processes  and  product  reliability  and  quality  [24-28]. 

More  research  work  is  required  to  a  better  understanding  and  optimizing  the  relationships  between  surface 
geometry  and  functions.  In  the  study  presented  in  this  paper,  Taguchi 's  method  is  employed  to  explore  the  influences  of 
some  burnishing  process  parameters  such  as;  speed,  feed,  depth  of  penetration  and  number  of  passes  on  the  surface 
roughness  (SR),  fatigue  life  (FL)  for  6061  aluminum  alloy  using  a  CNC  lathe  machine.  The  optimal  combination  levels  of 
the  burnishing  process  parameters  for  both  surface  roughness  and  fatigue  life  are  determined. 

EXPERIMENTAL  WORK 
Workpiece  Material 

Aluminum  alloy  6061was  used  as  a  test  material  in  this  work  because  of  its  wide  application  in  industry  and  being 
the  material  of  many  engineering  components.  The  chemical  analysis  in  weight  percent  and  mechanical  properties  of  this 
material  are  shown  in  Tables  1  and  2,  respectively. 

Table  1:  The  Chemical  Composition  of  Work  Material  (Al.  Alloy  6061) 


Element 

Mg 

Si 

Fe 

Cu 

Zn 

Ti 

Mn 

Cr 

Al 

Weight% 

0.85:1.0 

0.7:0.8 

0.7 

0.2 

0.2 

0.15 

0.15 

0.04:0.2 

Balance 

Table  2:  The  Mechanical  Properties  of  Al-AUoy  6061 


Density  (Kg/mJ) 

2700 

Ultimate  tensile  strength  (Mpa) 

110:152 

Yield  strength  (Mpa) 

50 

Elongation  (%) 

16:20 

Shear  strength  (Mpa) 

95 

Hardness  (BHN) 

30:33 

Workpiece  Preparation 

In  this  study,  6061-  aluminum  alloy  was  used  as  workpieces  material.  The  test  material  was  received  in  the  form 
of  bars  that  were  machined  to  workpieces  as  shown  in  Figure  3. 
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Figure  3:  Workpiece  Geometry 
Design  and  Preparation  of  Burnishing  Tool 

A  simple  tool  was  designed  for  external  ball  burnishing  process.  The  main  parts  of  the  tool  are  shown  in  Figure  4. 
A  8-mm  diameter  hard  steel  ball  was  used  for  burnishing.  With  this  arrangement  the  ball  was  free  to  rotate  in  contact  with 
the  workpiece  during  burnishing  process,  due  to  the  frictional  forces  developed.  The  ball  could  be  easily  removed  from  the 
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tool  for  changing,  readjusting  or  cleaning.  The  shank  of  this  tool  is  designed  in  such  a  manner  that  it  can  be  simply 
mounted  or  fixed  onto  the  tool  holder  of  the  used  CNC  lathe  machine. 


Effectira  ba  II O  E-  rrjr. 
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Figure  4:  Ball  Burnishing  Tool 


Burnishing  Process  Parameters 


In  order  that  the  effect  of  each  parameter  on  the  surface  characteristics  of  the  workpiece  can  be  thoroughly 
investigated,  only  four  burnishing  parameters  were  chosen  namely;  burnishing  speed,  feed,  depth  of  penetration  and 
number  of  passes.  In  this  study  the  range  of  process  parameters  such  as  speed  was  selected  as  25:125m/min,  burnishing 
feed  was  selected  as  20:100|im/rev,  depth  of  penetration  was  selected  as  3:15|im  and  number  of  passes  was  selected 
as  1:5  pass.  The  burnishing  process  parameters  along  with  their  ranges  are  given  in  Table  3. 

Table  3:  Burnishing  Parameters  with  Range  and  Values  at  Five  Levels 


Burnishing  speed,  m/min 

25,  50,  75,  100  and  125 

Burnishing  feed,  |im/rev 

20,  40,  60,  80  and  100 

Depth  of  penetration,  |im 

3,  6,  9,  12  and  15 

Number  of  passes 

1,2,  3,4and5 

Ball  diameter,  mm 

8 

Lubrication 

KUTWELL  42 

Experimental  Design 

To  evaluate  the  effect  of  burnishing  parameters  on  some  performance  characteristics  (surface  roughness 
and  fatigue  life)  and  to  identify  the  performance  characteristics  under  the  optimal  burnishing  parameters,  a  specially 
designed  experimental  procedure  is  required.  Classical  experimental  design  methods  are  complex  and  difficult  to  use. 
In  this  study,  the  Taguchi  technique,  a  powerful  tool  for  parameter  design  of  performance  characteristics,  was  used  to 
determine  optimal  burnishing  parameters  for  minimum  surface  roughness,  maximum  number  of  cycles  to  failure  in 
burnishing  process. 

In  the  Taguchi  technique,  process  parameters,  which  influence  the  products,  are  separated  into  two  main  group: 
control  factors  and  noise  factors  [29].  The  control  factors  are  used  to  select  the  best  conditions  for  stability  in  design  of 
finishing  process,  whereas  the  noise  factors  denote  all  variation.  Taguchi  proposed  to  acquire  the  characteristic  data  by 
using  orthogonal  arrays,  and  to  analyze  the  performance  measure  from  the  data  to  decide  the  optimal  process  parameters. 
This  method  uses  a  special  design  of  orthogonal  arrays  to  study  the  entire  parameter  space  with  small  number  of 
experiments  only.  In  this  study,  four  burnishing  parameters  were  used  as  control  factors  and  each  parameter  was  designed 
to  have  five  levels  Table  3.  According  to  the  Taguchi  quality  design  concept,  an  L25  orthogonal  array  table  with  25  rows 
(corresponding  to  the  number  of  experiments)  was  chosen  for  the  experiments  Table  4. 
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In  Taguchi  method  [29],  a  loss  function  is  used  to  calculate  the  deviation  between  the  experimental  value  and  the 
desired  value.  This  loss  function  is  further  transformed  into  a  signal-to-noise  (S/N)  ratio.  There  are  several  S/N  ratios 
available  depending  on  type  of  characteristics;  lower  is  better  (LB),  nominal  is  better  (NB)  and  higher  is  better  (HB). 
For  HB  and  LB,  the  definitions  of  the  loss  function  for  burnishing  performance  results  y;  of  n  repeated  number  are: 

Smaller  the  better  characteristics 


L.fii\  =  -10  log 


□ 

i=l 


(1) 


Larger  the  better  characteristics 


H.fii\  =  -10  log 


-  n 


(2) 


For  higher  performance  of  product  a  low  surface  roughness  is  always  desired.  Hence,  the  response  parameter 
surface  roughness  has  been  categorized  as  'lower  is  better'  type  problem  and  the  signal  to  noise  ratio  in  this  case  has  been 
calculated  as  r|(Ra).  Also,  a  high  number  of  cycles  to  failure  is  intended.  Hence,  this  response  parameter  has  been 
categorized  as  'higher  is  better'.  It  may  be  noted  that  larger  value  of  r|(SR)  and  r|(FL)  is  desirable  in  the  burnishing 
process.  Regardless  of  the  category  of  the  quality  characteristics,  a  larger  S/N  ratio  corresponds  to  better  quality 
characteristics.  Therefore,  the  optimal  level  of  process  parameter  is  the  level  of  highest  S/N  ratio  value.  By  applying 
equations  (1)  and  (2),  the  S/N  values  for  each  experiment  of  L25,  can  be  calculated  Table  4.  The  relative  importance  of  the 
burnishing  parameters  with  respect  to  the  SR  and  the  FL  was  investigated  to  determine  more  accurately  the  optimum 
combinations  of  the  burnishing  parameters.  Furthermore,  a  statistical  analysis  of  variance  (ANOVA)  can  be  performed  to 
see  which  parameter  is  statistically  significant  for  each  quality  characteristics.  In  general,  signal  to  noise  (S/N) 
ratio  (t|,  HB)  represents  quality  characteristics  for  the  observed  data  in  the  Taguchi  design  of  experimental  objective. 

Table  4:  Experimental  Results  and  Calculated  S/N  Ratio  of  Each  Response 


No. 
Exp. 

Speed,  m/min 

Feed,  urn/Rev 

Depth  of  Pent, 
um 

No.  of  Passes 

Experimental  Results  and  S/N 
Values 

Code 

Actual 

Code 

Actual 

Code 

Actual 

Code 

Actual 

Ra 
(mm) 

S/N 
Ratio 

FL 

S/N 
Ratio 

1 

12.5 

1 

20 

1 

3 

1 

1 

0.15 

16.47 

17040 

84.63 

2 

12.5 

2 

40 

2 

6 

2 

2 

0.55 

5.193 

18300 

85.25 

3 

12.5 

3 

60 

3 

9 

3 

3 

0.55 

5.193 

19650 

85.87 

4 

12.5 

4 

80 

4 

12 

4 

4 

0.45 

6.936 

20130 

86.08 

5 

12.5 

5 

100 

5 

15 

5 

5 

0.65 

3.742 

18980 

85.57 

6 

2 

25 

1 

20 

2 

6 

3 

3 

0.65 

3.742 

19980 

86.01 

7 

2 

25 

2 

40 

3 

9 

4 

4 

0.45 

6.936 

20010 

86.02 

8 

2 

25 

3 

60 

4 

12 

5 

5 

0.75 

2.499 

15180 

83.63 

9 

2 

25 

4 

80 

5 

15 

1 

1 

0.95 

0.445 

16130 

84.15 

10 

2 

25 

5 

100 

1 

3 

2 

2 

1.10 

-0.83 

16980 

84.60 

11 

3 

50 

1 

20 

3 

9 

5 

5 

2.10 

-6.44 

16560 

84.38 

12 

3 

50 

2 

40 

4 

12 

1 

1 

0.50 

6.021 

15060 

83.56 

13 

3 

50 

3 

60 

5 

15 

2 

2 

0.55 

5.193 

18560 

85.37 

14 

3 

50 

4 

80 

1 

3 

3 

3 

0.65 

3.742 

15360 

83.73 

15 

3 

50 

5 

100 

2 

6 

4 

4 

0.70 

3.098 

18720 

85.45 

16 

4 

75 

1 

20 

4 

12 

2 

2 

1.60 

-4.08 

13980 

82.91 

17 

4 

75 

2 

40 

5 

15 

3 

3 

0.70 

3.098 

16160 

84.17 

18 

4 

75 

3 

60 

1 

3 

4 

4 

0.80 

1.938 

15420 

83.76 
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Table  4:  Contd. 


19 

4 

75 

4 

80 

2 

6 

5 

5 

0.90 

0.915 

18240 

85.22 

20 

4 

75 

5 

100 

3 

9 

1 

1 

0.70 

3.098 

22080 

85.88 

21 

5 

100 

1 

20 

5 

15 

4 

4 

3.65 

-11.2 

18260 

85.23 

22 

5 

100 

2 

40 

1 

3 

5 

5 

1.55 

-3.81 

19530 

85.81 

23 

5 

100 

3 

60 

2 

6 

1 

1 

0.45 

6.936 

22500 

87.04 

24 

5 

100 

4 

80 

3 

9 

2 

2 

0.35 

9.117 

26400 

88.43 

25 

5 

100 

5 

100 

4 

12 

3 

3 

1.75 

-4.86 

29400 

89.39 

RESULTS  AND  DISCUSSIONS  BASED  ON  THE  TAGUCHI  METHODOLOGY 


The  objective  of  the  experiment  is  to  optimize  the  ball  burnishing  parameters  to  get  better  surface  roughness,  the 
smaller  the  better  characteristic  is  used.  However,  to  optimize  the  burnishing  parameters  to  get  better  fatigue  life,  the  larger 
the  better  characteristic  is  used.  Table  4  shows  the  observed  values,  deduced  from  the  experimental  results  for  average 
surface  roughness  and  number  of  cycles  to  failure  (fatigue  life).  Tables  5  and  6  show  the  S/N  ratio  for  each  level  of  average 
surface  roughness  and  fatigue  life.  These  data  were  plotted  as  shown  in  Figures  4  and  5.  According  to  the  Taguchi  method, 
analysis  of  variance  (ANOVA)  represents  the  contribution  of  each  parameter  on  each  response  result.  The  optimization  of 
the  observed  values  was  then  determined  through  comparison  with  Taguchi  signal-to-noise  (S/N)  ratio. 


Table  5:  Response  Table  for  Signal  to  Noise  of  Ra 


Depth  of  Pent. 

No.  ofPssses 

1 

7.50823* 

-0.31055 

3.50472 

6.59562*  j 

2 

2.55879 

3.48810 

3.97668* 

2.91878 

3 

2.32175 

4.35164* 

3.58016 

2.18270 

4 

0.99341 

4.23136 

1.30239 

1.53238 

5 

-0.77177 

0.84984 

0.24644 

-0.61907  j 

Delta 

8.28000 

4.66219 

3.73025 

7.21469 

Rank 

Optimum  level 


Table  6:  ANOVA  of  Surface  Roughness 


Source  of  Variance 

Sum  of  Square 

DF 

F-Ratio 

P(%) 

Burnishing  speed 

[  3.0974 

4 

1.67 

23.8 

Burnishing  feed 

3.4694 

4 

1.87 

26.72 

Depth  of  penetration 

1.1904 

4 

0.64 

9.16 

No.  of  passes 

1.5264 

4 

0.82 

11.74 

Error 

3.7168 

8 

28.58 

Surface  Roughness 

Surface  roughness  is  a  measure  of  the  product  quality  and  has  a  great  influence  on  manufacture  cost.  It  describes 
the  geometry  of  the  machined  surface  and  combined  with  the  surface  texture  and  surface  integrity.  In  this  study,  Ra  was 
measured  for  Al-alloy  6061. 

Figure  5  shows  the  main  effect  plot  of  burnishing  parameters  on  the  average  S/N  ratio  for  smaller  the  better  for 
surface  roughness.  According  to  this  figure,  all  burnishing  parameters  used  in  this  work  affect  the  surface  roughness. 
In  Taguchi  method  the  higher  the  level  S/N,  the  better  the  overall  performance,  meaning  the  factor  levels  with  the 
highest  S/N  value  should  always  be  selected.  Accordingly,  the  average  for  each  experimental  level  was  calculated  using  the 
highest  S/N  value  at  the  level  for  each  parameter  to  produce  the  response  table  (see  table  5).  As  shown  in  both  the  response 
table  and  the  main  effects  graphs  Figure  5,  the  optimal  burnishing  parameters  for  surface  roughness  was  obtained  at 
burnishing  speed  (Level  1),  burnishing  feed  (Level  3),  6|im  depth  of  penetration  (Level  2)  and  number  of  passes  (Level  1). 


Ball  Burnishing  Process  Optimization  for  Aluminum  Alloy  Using  Taguchi  Technique 


7 


Furthermore,  it  shows  that  the  influence  of  speed  on  Ra  is  greater  compared  with  the  other  graphs.  Hence,  speed  is  the 
most  significant  parameter  affecting  Ra  followed  by  number  of  passes,  feed  and  depth  of  penetration. 


Spaed              Fe§d        Deptha'ptnatatjcn     Nd.  of  passes 

7  ■ 

0 

"J=   K  - 
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1 
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'$  \h  $  $             £  '£     V*  >'*  'K'  *'  V 

Figure  5:  Main  Effect  Plot  S/N  Ratio  for  Surface  Roughness  (Dashed  Line  Indicates  Mean  Value) 

According  to  Figure  6,  the  effect  of  speed  is  proportional  with  surface  roughness.  When  the  speed  increases,  the 
surface  roughness  increases.  The  surface  roughness  decreases  at  low  feed,  then  it  increase  at  high  feed.  Also,  the  surface 
roughness  decreases  at  low  depth  of  penetration,  then  it  increases  at  high  depth  of  penetration.  From  the  same  figure,  it  can 
be  deduced  that  the  surface  roughness  increases  at  low  number  of  passes,  then  it  decreases  at  high  number  of  passes. 


Speed  Feed  Depth  of  penetration     No.  of  passes 
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Figure  6:  The  Main  Effect  Plot  for  Means  Roughness 

The  ANOVA  table  derived  for  surface  roughness  is  shown  in  Table  6.  The  sum  of  squares  provides  a  measure  of 
the  total  variation  present.  The  largest  contribution  to  the  total  sum  of  squares  is  for  burnishing  feed  followed  by  speed, 
number  of  passes  and  then  depth  of  penetration.  The  larger  is  the  contribution  of  particular  factor  to  the  total  sum  of 
squares,  the  larger  is  its  ability  to  influence  its  quality  characteristics. 

In  this  study,  the  analysis  was  carried  out  for  a  level  of  significance  of  5%,  i.e.  for  a  level  of  confidence  of  95%. 
The  last  column  of  Table  6  and  Figure  7  show  the  percentage  of  contribution  (P)  of  each  factor  on  the  total  variation 
indication  then,  the  degree  of  influence  on  the  result.  From  the  analysis  of  Table  6,  it  can  be  observed  that  the  burnishing 
feed  factor  (P=26.72),  the  burnishing  speed  (P=23.8),  the  number  of  passes  (P=11.74)  and  depth  of  penetration  (P=9.16) 
have  statistical  and  physical  significant  on  the  surface  roughness,  especially  the  burnishing  feed. 
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Figure  7:  The  Contribution  Pie  of  Surface  Roughness 

The  interaction  plot-  data  means  for  surface  roughness  is  presented  in  Figure  8.  It  can  be  realized  that  the  effect  of 
burnishing  speed  on  surface  roughness  at  different  feeds,  depth  of  penetration  and  number  of  passes  for  cases  is  not  the 
same.  It  can  also  be  seen  that  the  trend  of  level  (1)  is  not  similar  to  the  trend  of  the  other  feed  levels  in  which  the  roughness 
value  increases  with  an  increase  in  speed  reaching  to  (50m/min)  of  speed  value,  then  it  will  decrease  with  an  increase  in 
speed  until  the  speed  value  reaches  (75m/min),  after  this  the  roughness  value  will  begin  to  increase  again  reaching  to  the 
maximum  value  of  speed.  For  other  levels,  the  increase  in  burnishing  speed  leads,  in  general,  to  an  increase  in  surface 
roughness  reaching  to  higher  value  then  surface  roughness  starts  to  decrease  with  a  further  increase  in  burnishing. 
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Figure  8:  Interaction  Plot-Data  Means  for  Surface  Roughness 

The  effect  of  burnishing  feed  on  the  average  surface  roughness  is  shown  in  Figure  8.  The  results  show  that  the 
feed  is  one  of  the  most  significant  factors  affecting  the  surface  roughness.  It  can  be  seen,  from  this  figure,  that  the  trend  of 
the  results  for  the  effect  of  feed  on  surface  average  roughness  for  most  levels  of  burnishing  speed  are  similar.  In  general, 
for  different  levels  of  speed,  depth  of  penetration  and  number  of  passes,  an  increase  in  burnishing  feed  reaching  to  (80pm) 
leads  to  a  decrease  in  surface  roughness  and  then  surface  roughness  increases  gradually  with  a  further  increase  in  feed. 

The  effect  of  depth  of  penetration  on  average  surface  roughness  at  various  speeds,  feeds,  and  number  of  passes 
can  be  assessed  from  Figure  8.  The  general  trend  of  the  results  reveals  that  an  increase  in  depth  of  penetration,  within  the 
range  used  in  this  study,  first  leads  to  a  reduction  in  surface  roughness  reaching  a  minimum  value  at  depth  of  penetration  of 
(6-12|jm).  A  further  increase  in  depth  of  penetration  cases  an  increase  in  average  roughness.  Therefore,  medium  depth 
of  penetrations  is  favorable  because  the  deformation  action  of  ball  burnishing  tool  is  greater  and  metal  flow  is  regular  at 
this  range. 
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Figure  8  presents  the  effect  of  the  burnishing  number  of  passes  on  average  roughness  at  various  speeds,  feeds,  and 
depth  of  penetration.  It  can  be  seen  that  there  is  interactions  between  number  of  passes  and  each  of  speeds,  feeds  and  depth 
of  penetration.  At  low  speed,  feed  and  depth  of  penetration,  an  increase  in  number  of  passes  leads  to  a  decrease  in  the 
average  surface  roughness  whereas  at  high  speeds,  feeds,  and  depth  of  penetrations  an  increase  in  number  of  passes  results 
in  a  considerable  increase  in  surface  roughness. 

The  highest  average  surface  roughness  was  obtained  with  a  combination  of  a  high  depth  of  penetration  and  high 
number  of  passes.  Also,  it  can  be  realized  that  combination  between  high  number  of  passes  and  speed  and/or  depth  of 
penetration  results  in  a  considerable  reduction  in  burnished  surface  roughness.  This  is  because  of  the  repeating  action  of  the 
burnishing  process  on  the  same  workpiece  at  low  speed  which  leads  to  an  increase  in  the  surface  structure  homogeneity 
resulting  in  an  increase  in  the  surface  finish. 

Fatigue  Life 

Fatigue  is  the  common  name  used  to  describe  the  unexpected  failure  of  metal  parts  by  progressive  fracturing 
while  in  service.  Metal  fatigue  is  directly  related  to  the  number  of  stress  cycles  undergone  by  the  metal  part.  The  number  of 
cycles  to  failure  (fatigue  life)  measured  by  a  cantilever  fatigue  testing  apparatus  in  which  a  constant  load  is  applied  on  the 
rotating  specimen  until  it  breaks. 

The  S/N  ratio  for  five  levels  of  each  control  factor  is  computed  and  the  results  are  tabulated  in  Table  7.  The  best 
level  for  each  control  factor  is  the  one  with  the  highest  S/N  ratio.  The  average  S/N  ratio  for  larger  the  better  for  cycles  to 
failure  (fatigue  life)  is  shown  in  Figure  9  which  suggests  that  the  burnishing  speed  is  more  significant.  Feed  is  the  second 
significant  factor  and  depth  of  penetration  is  the  third  significant  factor  and  number  of  passes  is  the  lowest  significant 
factor. 

The  highest  value  of  burnishing  speed  and  feed  appear  to  be  the  best  choice  to  get  high  value  of  cycles  to 
failure  (fatigue  life),  whereas  the  middle  value  of  both  depth  of  penetration  and  number  of  passes  appear  to  be  the  best  to 
obtain  high  value  of  fatigue  life.  The  optimum  performance  for  fatigue  life  was  obtained  at  125m/min  burnishing 
speed  (level  5),  100|im/rev  burnishing  feed  (level  5),  9|im  depth  of  penetration  and  3passes  (level  3). 


Table  7:  Response  Table  for  Signal  to  Noise  of  Fatigue  Life 


1 

85.4777 

84.6325 

84.5063 

85.2524 

2 

84.8827 

84.9627 

85.7942 

85.3123 

3 

84.4966 

85.1339 

86.3171* 

85.8339* 

4 

84.5882 

85.5220 

85.1125 

85.3079 

5 

87.1827* 

86.3769* 

84.8978 

84.9214 

Delta 

2.6860 

1.7443 

1.8108 

0.9124 

Rank 

1 

2 

3 

4 

*Optimum  level 

Table  8:  ANOVA  of  Fatigue  Life 


Source  of  Variance 

Sum  of  Squares 

DF 

F-Ratio 

P(%) 

Burnishing  speed 

137028960 

4 

5.73 

45.33 

Feed 

[  50676840 

4 

2.12 

16.76 

Depth  of  penetration 

51320440 

4 

2.15 

16.97 

No.  of  passes 

15541560 

4 

0.65 

5.14 

Error 

47790000 

8 

15.8 

DF:  degree  of  freedom  P:  percentage  of  contribution 


10 


M.  H.  El-Axir  &  M.  M.  El-Khabeery 


Speed 


Feed 


Depth  of  penetration     No,  of  passes 


<P  <§>  $  $       f '  ^  'l  '<b  'q>  '  <v'  £  '  ^  '  %  '  °>  '  ' 

Figure  9:  Main  Effect  Plot  S/N  Ratio  for  Fatigue  Life  (Dashed  Line  Indicates  Mean  Value) 
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Figure  10:  The  Contribution  Pie  of  Fatigue  Life 

The  ANOVA  for  different  factors  including  level  average,  sum  of  square,  and  contribution -enabled  relative 
quality  effect  to  be  determined.  The  results  of  the  ANOVA  Table  8  and  Figure  10  reveal  that  the  burnishing  speed  which 
reached  45.33%  made  the  major  contribution  to  overall  performance.  The  contribution  percentage  for  depth  of  penetration 
and  feed  was  16.97%  and  16.76%,  respectively.  The  number  of  passes  made  the  minor  contribution  of  5.14%. 

Figure  11  shows  the  main  effect  of  means  for  each  parameter  used  in  this  work,  whereas  Figure  12  shows  more 
details  about  the  different  relationship  between  the  input  burnishing  process  parameters  and  cycles  to  failure  (fatigue  life) . 
It  can  be  seen  from  Figure  10  that  the  general  trend  of  the  main  effect  of  means  for  the  four  input  parameters  used  in  this 
work  is  not  the  same.  The  cycles  to  failure  decreases  slightly  with  an  increase  in  burnishing  speed,  reaching  a  minimum 
value  at  burnishing  speed  of  75m/min.  A  further  increase  in  burnishing  speed  causes  an  increase  in  cycles  to  failure. 
This  is  may  be  due  to  the  stability  of  the  ball  burnishing  tool  at  high  speeds.  The  general  trend  of  the  effect  of  burnishing 
feed  on  the  cycles  to  failure  as  shown  in  Figure  11  is  that  an  increase  in  feed  leads  to  an  increase  in  cycles  to  failure. 
From  the  same  figure,  the  trend  of  the  effect  of  both  depth  of  penetration  and  number  of  passes  is  the  same.  An  increase  in 
depth  of  penetration  and/or  number  of  passes  up  to  the  middle  value  leads  to  an  increase  in  cycles  to  failure.  A  further 
increase  in  depth  of  penetration  and/or  number  of  passes  more  than  the  middle  value  causes  a  decrease  in  cycles  to  failure 
(fatigue  life). 
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Figure  11:  The  Main  Effect  Plot  for  Means  Roughness 
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More  details  about  the  different  effects  of  each  parameter  at  different  levels  of  other  parameters  used  in  this  work 
are  presented  in  Figure  12.  It  can  be  seen  from  this  figure  that  the  effect  of  burnishing  speed  on  cycles  to  failure  for 
different  feeds,  depth  of  penetration  and  number  of  passes  for  all  cases  is  not  the  same  and  there  are  some  interactions 
between  burnishing  speed  and  other  parameters.  This  means  that  the  effect  of  burnishing  speed  on  cycles  to  failure  is  not 
the  same  for  all  values  of  feeds,  depth  of  penetration  or  number  of  passes.  The  higher  cycles  to  failure  was  observed  at 
conditions:  125m/min  speed,  100|im  feed,  9  |jm  depth  of  penetration  and  3  number  of  passes. 
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Figure  12:  Interaction  Plot -Data  Means  for  Surface  Roughness 

CONCLUSIONS 

In  the  present  work,  ball  burnishing  process  of  6061  aluminum  alloy  based  on  the  Taguchi  technique  has  been 
investigated.  Based  on  the  analysis  of  experimental  results,  the  following  conclusions  can  be  drawn: 

•  The  output  responses  of  burnished  surface  are  mainly  influenced  by  the  four  burnishing  parameters  used  namely; 
burnishing  speed,  feed,  depth  of  penetration  and  number  of  passes. 

•  The  parameter  design  of  Taguchi  technique  provides  a  simple,  systematic  and  efficient  methodology  for 
optimization  of  the  burnishing  parameters. 

•  The  burnishing  feed  with  a  contribution  percent  of  26.72%  had  the  dominant  effect  on  surface  roughness  followed 
by  burnishing  speed,  number  of  passes  and  then  by  depth  of  penetration 

•  The  burnishing  speed  with  a  contribution  percent  of  45.33%  had  the  dominant  effect  on  cycles  to  failure 
(fatigue  life)  followed  by  burnishing  feed,  depth  of  penetration  and  then  by  number  of  passes. 

•  The  optimal  burnishing  parameters  for  surface  roughness  (the  best  surface  finish)  was  obtained  at  burnishing 
speed  of  25m/min,  burnishing  feed  of  60|J.m,  depth  of  penetration  of  6pm  and  number  of  passes  of  1. 

•  The  optimum  performance  for  fatigue  life  was  obtained  at  125m/min  burnishing  speed,  100|im/rev  burnishing 
feed,  9um  depth  of  penetration,  and  3  passes. 


12 


M.  H.  El-Axir  &  M.  M.  El-Khabeery 


ACKNOWLEDGEMENTS 

Authors  would  like  to  express  their  sincere  gratitude  and  thanks  to  deanship  of  research  in  Northern  Border 
University,  Kingdom  of  Saudi  Arabia,  for  their  encouragement  and  kindly  supporting  this  project. 

REFERENCES 

1 .  Kragelsky,  I.V.,  Alisin,  V. V,  "Tribology  Handbook",  Mir,  Moscow,  198 1 . 

2.  Iliesco,  C,  "Cold  Pressing  Technology",  Elsevier,  Amsterdam,  1990. 

3.  Hassan,  A.M.,  Al-Bsharat,  A.S.,  "Influence  of  Burnishing  Process  on  Surface  Roughness,  Hardness  and 
Microstructure  of  Some  Non-Ferrous  Metals",  Wear,  Vol  199,  pp.  1-8,  1996. 

4.  El-Axir,  M.H.,  Ibrahim,  A.A.,  "Some  Surface  Characteristics  Due  to  Center  Rest  Ball  Burnishing",  J.  Mater. 
Process  Technol.,  Vol.  167,  pp.  47-53,  2005. 

5.  El-Axir,  M.H.,  "An  Investigation  into  Roller  Burnishing",  Int.  J.  Mach.  Tools  Manuf. Vol.40,  pp.  1603-1617, 
2000. 

6.  Salahshoor,  M.  and  Guo,  Y.B.,  "Surface  Integrity  of  Magnesium-Calcium  Implants  Processed  by  Synergistic  Dry 
Cutting-Finish  Burnishing",  Procedia  Engineering,  Vol.19,  pp.  288-293,  201 1. 

7.  Dabeer,  P.S.  and  Purohit,  G.  K.,  "Effect  of  Ball  Burnishing  Parameters  on  Surface  Roughness  Using  Response 
Surface  Methodology",  Advances  in  Production  Engineering  and  Management,  Vol.5,  No.  2,  pp.  111-116,  2010. 

8.  Malleswara,  J.  N.,  Chennakesava,  R.  A.,  and  Rama,  P.  V.,  "The  Effect  of  Roller  Burnishing  on  Surface  Hardness 
and  Surface  Roughness  on  Mild  Steel  Specimens",  Int.  J.  of  Applied  Engineering  Research,  Vol.  1,  No  4, 
777-786,  2011. 

9.  Li,  F.,  Xia,  W.,  Zhao,  Z.,  Zhao,  J.,  and  Tang,  Z.,  "Analytical  Prediction  and  Experimental  Verification  of  Surface 
Roughness  During  the  Burnishing  Process",  Int.  J.  Machine  Tool  and  Manufacture,  Vol.62,  pp. 67-75,  2012. 

10.  Rodriguez,  A.,  Lopez,  L.N.,  Celaya,  A.,  Lamikiz,  A., and  Albizuri,  J,  "Surface  Improvement  of  Shafts  by  the  Deep 
Ball-Burnishing  Technique",  Surface  and  Coating  Technology,  Vol.206,  pp.  2817-2824,  2012. 

11.  Sagbas,  A.,  "Analysis  and  Optimization  of  Surface  Roughness  in  the  Ball  Burnishing  Process  using  RSM  and 
Desirability  Function",  Advances  in  Engineering  Software,  Vol.  42,  pp.  992-998,  2011. 

12.  El-Khabeery,  M.M.,  El-Axir,  M.H.,  "Experimental  Techniques  for  Studying  the  Effects  of  Roller-Burnishing 
Parameters  on  Surface  Integrity",  Int.  J.  Mach.  Tools  Manuf.,  Vol.41,  pp.1705-1919,  2001. 

13.  Klocke,  F.,  Liermamnn,  J.,  "Roller  Burnishing  of  Hard  Turned  Surface",  J.  Machine  Tool  and  Manufact, 
Vol.  38  (5-6),  pp.  419^123,  1998. 

14.  El-Axir,  M.H.,  El-Khabeery,  M.M.,  "Influence  of  Orthogonal  Burnishing  Parameters  on  Surface  Characteristics 
for  Various  Materials",  J.  Mater.  Process.  Technol.,  Vol.  132,  pp.  82-89,  2003. 

15.  Dweiri,  F.,  Hassan,  A.M.,  Hader,  A.,  Al-Wedyan,  "Surface  Finish  Optimization  of  Roller  Burnished  Non-Ferrous 
Components  by  Fuzzy  Modeling",  J.  Mater.  Manufact.  Process,  Vol.  18  (1),  pp.  863-876,  2003. 

16.  Loh,  N.H.,  Tam,  S.C.,  Miyazawa,  S.,  "Statistical  Analyses  of  the  Effects  of  Ball  Burnishing  Parameters  on 
Surface  Hardness",  Wear,  129,  235,  1989. 


Ball  Burnishing  Process  Optimization  for  Aluminum  Alloy  Using  Taguchi  Technique 


13 


17.  Yashcheritsyn,  I.,  Pyatosin,  E.I.,  Votchuga,  V.V.,  "Hereditary  Influence  of  Pre-Treatment  on  Roller  Burnishing 
Surface  Wear  Resistance",  Sov.  J.  Friction  Wear,  Vol.  8  (2),  87,  1987. 

18.  Hassan,  A.M.,  Al-Bsharat,  A.S.,  "Influence  of  Burnishing  Process  on  Surface  Roughness,  Hardness  and 
Microstructure  of  Some  Non-Ferrous  Metals",  Wear,  Vol.  199,  1-8.  1996. 

19.  Lee,  S.G.,  Tam,  S.C.,  Loh,  N.H.,  "Ball  Burnishing  of  3161  Stainless  Steel",  J.  Mater.  Process.  Technol.  Vol.37, 
pp.  241-251,  1993. 

20.  Prevey,  P.  S.,  Ravindranath,  R.  A.,  Shepard,  M.,  and  Gabb,  T.,  "Case  Studies  of  Fatigue  Life  Improvement  Using 
Low  Plasticity  Burnishing  in  Gas  Turbine  Engine  Applications",  Trans.  ASME,  J.  Engg.,  Gas  Turbines  Power, 
Vol.  128(4),  pp.  865-872,  2006. 

21.  Jayaraman,  N.,  Prevey,  P.,  and  Mahoney,  M.,  "Fatigue  Life  Improvement  of  an  Aluminum  Alloy  with  Low 
Plasticity  Burnishing",  Proceedings  of  the  132nd  TMS  Annual  Meeting,  San  Diego,  California,  USA,  2-6  March, 
pp.  1-10  (Metallurgical  Society  of  AIME,  Warrendale,  Pennsylvania),  2003. 

22.  Prevey,  P.,  "The  Effect  of  Low  Plasticity  Burnishing  on  the  HCF  and  FOD  Resistance  of  Ti-6AL-W", 
Proceedings  of  the  Sixth  National  Turbine  Engine  High  Cycle  Fatigue  Conference,  Jacksonville,  Florida,  USA, 
5-8  March,  pp.  1-10,  2001. 

23.  El-Axir,  M.H.,  "An  Investigation  into  the  Ball  Burnishing  of  Aluminum  Alloy  6061-T6",  J.  Engineering 
Manufacture,  Vol.  221  Part  B,  pp.  1733-1742,  2007. 

24.  Lee,  S.H.,  "Optimization  of  Cutting  Parameters  for  Burr  Minimization  in  Face-Milling  Operations",  Int.  J.  Prod. 
Res.,  Vol.  41  (3):  497,  2003. 

25.  Lin,  T.R.  "Optimization  Technique  for  Face  Milling  Stainless  Steel  with  Multiple  Performance  Characteristics", 
Int.  J.  Adv.  Manuf.  Technol.,  Vol.  19:330,  2002. 

26.  Ross,  P.J.,  "Taguchi  Techniques  for  Quality  Engineering",  2nd  Ed.,  McGraw-Hill,  1996. 

27.  El-Taweel,  T.  A.  and  El-Axir,M.  H,  "Analysis  and  Optimization  of  the  Ball  Burnishing  Process  Through  the 
Taguchi  Technique",  Int.  J.  Adv.  Manuf.  Technol.,  Vol.41,  PP.301-310,  2009. 

28.  Gharbi,  F.,  Sghaier,  S.,  Al-Fadhalah,  K.J.  and  Benameur,  T.,  "Effect  of  Ball  Burnishing  Process  on  the  Surface 
Quality  and  Microstructure  Properties  of  AISI  1010  Steel  Plates",  Journal  of  Materials  Engineering  and 
Performance,  Vol.  20(6)  August,  pp.903-910,  2011. 

29.  Ross,  P.J.,  "Taguchi  Techniques  for  Quality  Engineering",  2ndEd.  McGraw-Hill,  New  York,  1996. 


